Morphogenetic conversions contribute to the pathogenesis of Candida albicans invasive infections. Many studies to date have convincingly demonstrated a link between filamentation and virulence; however, relatively little is known regarding the role of the filament-to-yeast transition during the pathogenesis of invasive candidiasis. We previously identified the C. albicans pescadillo homolog (PES1) as essential during yeast growth and growth of lateral yeast on hyphae but not during hyphal growth. Furthermore, we demonstrated that PES1 is required for virulence in vivo in a Galleria mellonella larva model of candidiasis. Here, we have used a regulatable tetO-PES1/pes1 strain to assess the contribution of C. albicans PES1 to pathogenesis in the commonly used and clinically relevant murine model of hematogenously disseminated candidiasis. Our results indicate that a physiologically controlled level of PES1 expression is required for full virulence in this animal model, with virulence defects observed both when PES1 is overexpressed and and when it is depleted. The pathogenetic defect of cells depleted of PES1 is not due to a general growth defect, as demonstrated by the fact that PES1-depleted cells still kill Caenorhabditis elegans as efficiently as the wild type due to hyphal outgrowth through worm tissues. Our results suggest a critical role of lateral yeast growth in the ability of C. albicans to normally proliferate within tissues, as well as a pivotal role for Pes1 in the normal developmental cycle of C. albicans within the mammalian host during infection.
C
andida albicans is an opportunistic pathogenic fungus and the most common cause of invasive fungal disease in humans (15) . Candidemia ranks as the fourth-most-common nosocomial bloodstream infection, with high mortality rates (2, 8, 23) . C. albicans is a pleomorphic fungus capable of undergoing morphological transitions between budding yeasts and pseudohyphal and hyphal filaments. Under yeast-inducing conditions, yeast do not produce filamentous cells; however, under filament-inducing conditions, apical segments of hyphae and pseudohyphae produce filamentous daughter cells while their subapical sister filaments produce yeast cells (lateral yeasts). Multiple genetic regulators involved in the yeast-to-filament transition have been identified (3); however, little is known about the regulation of the reverse process, the transition from filament to yeast. We have recently identified the C. albicans pescadillo homolog (PES1) as pivotal for the completion of the C. albicans developmental cycle (20) . pescadillo is essential in all eukaryotes studied (1, 6, 9) . In C. albicans, PES1 is required for normal growth of cells induced as yeast and for lateral yeast growth on filamentous cells; however, under filamenting-inducing conditions, C. albicans can tolerate loss of PES1 and hyphal cells grow normally in the absence of PES1 (20) .
It is now well established that morphogenetic conversions contribute to the pathogenesis of C. albicans invasive infections (7) . In the last few years, this concept has evolved from the belief that filaments are responsible for C. albicans virulence (10) to a more dynamic concept of C. albicans pathogenesis in which both yeast and filamentous forms play critical roles at different steps of the infectious process (13, 19) . For example, yeast are likely to play an important role during circulation in the bloodstream and dissemination to distal sites, while filamentous forms are capable of penetrating tissue planes and therefore are damaging to tissue in deep organs (7, 19) . Notably, lateral yeast growth likely occurs in vivo, since filamentous forms are essentially never seen without yeast in deep organs during invasive candidiasis (14) .
Our previous report demonstrated that PES1 is required for virulence in vivo in a Galleria mellonella larva model of candidiasis (20) . In the present study, we examined the contribution of Pes1 to C. albicans virulence in a murine model of hematogenously disseminated candidiasis to reassess the role of lateral yeast growth and yeast proliferation in the pathogenesis of invasive candidiasis.
MATERIALS AND METHODS
C. albicans strains and culture conditions. The C. albicans tetO-PES1/ pes1 strain was used in these experiments and has been described before (20) . In this strain, production of lateral yeast cells from hyphae is known to be reduced during repression of PES1 (growth in the presence of doxycycline) and increased when PES1 is overexpressed (growth in the absence of doxycycline) (20) . A PES1/PES1 parental strain (HIS1/his1::tetR::FRT) (20) was used as a control for comparison purposes. The strains were routinely maintained and grown on yeast extract-peptone-dextrose (YPD) medium.
Murine model of hematogeneously disseminated candidiasis. Cultures of C. albicans strains for injection were grown overnight in YPD medium without doxycycline and incubated at 30°C. Under these conditions, the cells grew solely as yeast cells. Cells were harvested by centrifugation and washed three times in sterile pyrogen-free saline solution and counted using a hemocytometer. Cells (2 ϫ 10 5 cells in 200 l of pyrogenfree saline solution per mouse) of the C. albicans tetO-PES1/pes1 strain were delivered by tail vein injection into two groups of mice, each consisting of eight 6-to-8-week-old female BALB/c mice, with or without doxycycline in their drinking water (2 mg/ml in 5% sucrose). Cells of the control PES1/PES1 strain were injected at the same infecting dose into another group of animals (n ϭ 8) without doxycycline in their drinking water. We have previously demonstrated that the pathogenicity of wild-type strains not containing any tetracycline-regulatable element is not affected by the presence or absence of doxycycline (5) . Confirmation of the number and viability of cells present in the infecting inocula was performed by plate count. Days on which mice died were recorded, and moribund animals were euthanized and recorded as dying the following day.
To determine fungal burden at different times postinfection, groups of mice (n ϭ 5 per group) receiving either sucrose alone or sucrose containing doxycycline were sacrificed 3 or 5 days after infection with the C. albicans tetO-PES1/pes1 strain (1 ϫ 10 6 cells per mouse administered intravenously in 200 l of pyrogen-free saline solution). In all experiments, one kidney was processed for histology, the other kidney (as well as the brain and the spleen in the case of time-scheduled sacrifices) was homogenized, and fungal loads were determined by plating dilutions onto Sabouraud agar plates. For histology, kidneys retrieved from deceased or sacrificed mice were fixed in 10% buffered formalin and embedded in paraffin, and thin tissue slices were obtained and stained with Grocott-Gomori methenamine-silver (GMS) stain prior to microscopic evaluation. All animal experimentation was conducted in an AAALAC-certified facility at The University of Texas at San Antonio (UTSA) following the National Institutes of Health guidelines for housing and care of laboratory animals and performed in accordance with institutional regulations after pertinent review and approval by the Institutional Animal Care and Use Committee at The University of Texas at San Antonio. Mice were allowed a 1-week acclimatization period before experiments were started.
C. albicans-Caenorhabditis elegans pathogenesis assay. A previously described protocol for infecting C. elegans with C. albicans in a liquid medium pathogenesis assay was used in these studies (16) . Briefly, adult glp-4(bn2);sek-1(km4) C. elegans animals were exposed to C. albicans strains of the indicated genotype on solid brain heart infusion (BHI) agar containing kanamycin (45 g/ml) for 4 h at 25°C. A total of 30 to 40 animals per condition were then added to 2 ml of liquid infection medium (80% M9 buffer, 20% BHI agar) with or without doxycycline (20 g/ml). Each condition was studied in duplicate. Worms were considered to be dead if they did not move in response to mechanical stimulation with a pick. In this assay, all animals that die within the first 48 h after infection have hyphae protruding from their bodies (16) . Dead worms were removed from the assay. Microscopy of nematodes was performed by using Nomarski optics on a Zeiss AxioImager microscope.
Statistical analyses. Survival data and differences between groups were analyzed using the Kaplan-Meier and log rank tests. Organ fungal burden was monitored by determining the total CFU per gram of organ in kidney, brain, and spleen. Thereafter, logarithmic values for the different groups were obtained and results expressed as geometric means and standard deviations. The Mann-Whitney test was used to determine statistical significance for CFU data. Analyses were performed using GraphPad Prism version 4.03 for Windows (GraphPad, San Diego, CA).
RESULTS AND DISCUSSION
Physiologic PES1 expression is required for full virulence of C. albicans in a murine model of hematogenously disseminated candidiasis. To determine the effect of PES1 expression on virulence of C. albicans in a murine model of disseminated candidiasis, we used a C. albicans tetO-PES1/pes1 strain that allows the external manipulation of PES1 function. When this strain is grown in the presence of doxycycline, PES1 transcription is repressed, the production of lateral yeast cells from hyphae is reduced, and proliferation of yeast cells ceases (20) . Hyphae grow robustly during repression of PES1 (20) . In the absence of doxycycline, PES1 is overexpressed, lateral yeast formation is increased, and yeast proliferation in vitro is indistinguishable from that of the wild type (20) . We infected mice with the tetO-PES1/pes1 strain and the PES1/PES1 isogenic parental control strain. The tetracycline-regulatable promoter system was manipulated within the animal by the addition of doxycycline to the drinking water or the omission of it from the water (4, 5, 12, (17) (18) (19) . As shown in Fig. 1A , mice infected with the parental PES1/PES1 control strain died within 5 days of infection (median survival time, 4 days). Interestingly, 100% of the mice treated with doxycycline and infected with tetO-PES1/pes1 survived ( Fig. 1A ; P ϭ 0.0002 versus control), indicating that loss of PES1 expression renders C. albicans avirulent in mice. We note that in mammalian tissue, hypha-inducing conditions prevail; thus, PES1 is not expected to be essential for growth and proliferation of all C. albicans cells (20) . In fact, under hyphainducing conditions, the "in vitro" growth curve for cells in which PES1 expression is repressed by the addition of doxycycline is essentially identical to that for the wild-type strain (see supplementary material in reference 20). We also found that the viru- lence of the tetO-PES1/pes1 strain was attenuated under conditions where PES1 was overexpressed (i.e., in the absence of doxycycline) compared to that of control strains (median survival time, 8 days) (P ϭ 0.0038 versus control). To assess the burden of infection, kidneys were retrieved from all animals by necropsy at the time of death or sacrifice (Fig. 1B) . The organ loads in the kidneys retrieved from mice that succumbed to the infection with the PES1/PES1 strain or the tetO-PES1/pes1 strains in the absence of doxycycline were similar (averages of 2.52 ϫ 10 7 and 1.56 ϫ 10 7 CFU/g, respectively; P ϭ 0.2786), whereas all mice that survived the infection with the tetO-PES1/pes1 strain in the presence of doxycycline demonstrated negligible fungal loads that were mostly below the detection limits.
To better understand the role of Pes1 in virulence, a second set of experiments was performed to determine the fungal loads in different organs after 3 and 5 days of infection with the C. albicans tetO-PES1/pes1 strain in the presence or absence of doxycycline. Dissemination of C. albicans to all organs is achieved immediately in this model of tail vein injection with a yeast cell inoculum; the inoculated yeast enter the systemic circulation directly and are carried to all deep organs within minutes (11, 19) . Interestingly, even in the presence of doxycycline, which results in the complete depletion of PES1, we were able to detect significant levels of C. albicans in brain, kidney, and spleen at these early time points, although at levels that were somewhat lower than those detected for organs retrieved from animals in the absence of doxycycline, particularly in the case of kidney samples (Fig. 2) . Therefore, these results indicate that the lack of virulence associated with PES1 depletion is not due to the inability of the cells to extravasate early during infection or to a complete growth defect once they have reached their target organs. It is likely to be due to a defect in production of lateral yeast on hyphae in deep tissues and in their subsequent proliferation.
Fungal morphology in kidney tissues retrieved from animal hosts with invasive candidiasis. To gain further insight into the role of Pes1 during infection, we next performed histological analyses to observe the morphology of fungal elements in kidneys retrieved from animals infected with the different strains at the time of death or sacrifice. As shown in Fig. 3 , mice infected with the PES1/PES1 isogenic parent strain showed characteristic kidney lesions of mostly hyphal and pseudohyphal filaments. The observations were similar for kidneys recovered from mice that were infected with the tetO-PES1/pes1 strain in the absence of doxycycline, although a somewhat higher proportion of yeast cells were detected in some instances. For example, groups of abundant yeast cells were observed in the calices of a mouse that succumbed to infection with this strain in the absence of doxycycline, which is unusual for this specific site of infection in which the hyphal morphology predominates during infections with wild-type strains. The results of histological analyses of kidney sections retrieved from animals infected with the tetO-PES1/pes1 strain in the presence of doxycycline were dramatically different, showing minimal lesions consisting mostly of isolated cells or groups of cells with a somewhat elongated morphology.
C. albicans PES1-depleted cells are fully virulent in a Caenorhabditis elegans infection model. We have previously demonstrated that PES1-depleted hyphae grow robustly whereas PES1-depleted yeast arrest and eventually die, resulting in dramatically reduced virulence in a Galleria mellonella infection model (20) . Our current results in the murine intravenous injection model of infection confirm the importance of PES1 and yeast growth for virulence in both the murine and Galleria models. However, as pescadillo homologs are essential in all other eukaryotes examined, we still considered the possibility that the virulence of all PES1-depleted C. albicans cells, hyphal as well as yeast, could be diminished. In the nematode Caenorhabditis elegans, hyphal growth and normal stress responses have been shown to be critical for the virulence of C. albicans (16) . We therefore chose the previously described C. elegans model of C. albicans pathogenesis (16) to examine whether PES1-depleted C. albicans cells, with their intact ability to grow as hyphae, are capable of lethal infection of the worm. We found that in C. elegans, PES1-overexpressing as well as PES1-depleted cells were fully as virulent as the wild type (Fig. 4A) . Under PES1 expression-inducing conditions (no doxycycline in the liquid medium) as well as expression-repressing conditions (20 g/ml doxycycline in the medium), yeast cells ingested by the worms formed hyphae which penetrated worm tissues and broke through the outer cuticle (Fig. 4B) . Thus, results from this set of experiments support the notion that PES1 depletion does not under all circumstances render C. albicans cells avirulent but that their lack of virulence in the murine model is due to defective lateral yeast growth and yeast proliferation.
Overall, these results are consistent with those previously reported for Pes1 in the insect model of infection (20) and further elaborate on an important role of lateral yeast growth and yeast proliferation during the pathogenesis of invasive candidiasis, this time in a mammalian model. Taken together, our results indicate that physiologic regulation of PES1 expression is required for the display of full virulence of C. albicans, with virulence defects ob- served both when PES1 is overexpressed and when it is depleted. This suggests that the organism must be able to fine-tune its morphogenetic transitions between yeast and hyphal growth during pathogenesis, perhaps in response to diverse microenvironments. Overexpression of PES1 in vivo, as observed with the tetO-PES1/ pes1 strain in the absence of doxycycline, leads to attenuated virulence that is associated with an increased proportion of cells displaying a yeast morphology in infected tissues. This is also consistent with the increased yeast growth and elevated levels of lateral yeast produced from hyphae seen in vitro during biofilm development (22) . Filamentous growth still occurs under these conditions, allowing penetration through tissue planes. In contrast, PES1 depletion, as it occurs with the tetO-PES1/pes1 strain in the presence of doxycycline, renders C. albicans completely avirulent in this model.
However, under these conditions (complete depletion of PES1) we were still able to detect significant levels of fungal burdens in different organs at earlier time points during the infection (3 and 5 days postinfection) and in some cases even 23 days postinfection (see Fig. 3 ), providing further evidence for the growth and persistence of Pes1-depleted strains in vivo. Furthermore, our experiments performed here using the invertebrate model of infection suggest that the lack of virulence observed when PES1 is depleted is not secondary to an overall lack of growth. Altogether, these observations clearly indicate that the lack of virulence observed with the tetO-PES1/pes1 strain in the presence of doxycycline cannot be simply attributed to a growth defect. Rather, it supports the idea of a critical role of lateral yeast growth in the ability of C. albicans to normally proliferate within tissues as well as a pivotal role for Pes1 in the normal developmental cycle of C. albicans within the mammalian host during infection.
Our results also suggest that different animal models may be able to separately assess the contributions of distinct virulence determinants to pathogenesis, thus aiding in the analysis of the highly complex host-pathogen interactions of invasive candidiasis. Here, the C. elegans model indicates that the contribution of hyphal growth to virulence is still intact during loss of PES1, while the loss of virulence in the Galleria and mouse models can best be explained by a significant requirement for lateral yeast growth and yeast proliferation during pathogenesis in these systems. We posit that during invasive disease, C. albicans completes multiple rounds of a life cycle in which yeast disseminate through the bloodstream and then extravasate at metastatic foci of infection. There, they give rise to hyphae which penetrate through tissues and in turn produce lateral yeast cells which can then proliferate and regain access to blood vessels to course through the bloodstream. This model is also consistent with the fact that sepsis and renal failure are the main causes of death in the murine model (11, 19, 21) . The morphogenetic steps required for this life cycle are orchestrated by key regulators, including PES1, and are all required for full virulence of C. albicans in vivo. Thus, it would seem 
